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DETERMINING CAUSE OF FAILURE FOR LOAD CELLS SUPPORTING VERTICAL PRESSURE
VESSELS SUBJECT TO WIND LOADING
by
SETH NOWAK
(Under the Direction of Aniruddha Mitra)
ABSTRACT
Wind loads cannot be avoided during a natural disaster such as a hurricane and could affect the strength
and stability of vertical pressure vessels during exposure. Vertical pressure vessels cater to large wind
loads; therefore, it is imperative to study the effect of additional loading on the structures. In this study,
three pressure vessels with volumes of 50 CuFt, 200 CuFt, and 1100 CuFt, supported by three
equidistant load cells under their legs are individually analyzed to determine von mises stress to estimate
yield failure criteria. Two load rating criteria, maximum load capacity and water-filled condition (critical
condition) are utilized for static analysis to determine the strength of load cells and to calculate safety
factors. Solidworks and Ansys workbench 19.1 software were utilized to generate and compare the
results of each analysis. The analysis shows that the load cells are sustainable for both criteria with the
factor of safety of 1.95, 1.22, and 1.30 for the critical condition for the 50 CuFt, 200 CuFt, and 1100
CuFt pressure vessels respectively. Under normal conditions, the weight of the pressure vessel is
unevenly distributed as it has been observed that there are greater loads (and deformations) in the two
load cells approximately under the manway apparatus. This is extra important in the 50 CuFt vessel
because the centerline of the manway does not lie on the angle bisector of the two nearest load cells.
Once a constant, steady wind load is introduced, the vessel will not topple as the attached load cell
assembly underneath is anchored to concrete. The only movement possible is vertical deflection in the
load cell resulting in greater uneven load distribution on the load cells, this scenario leads to inaccurate
measurement when the load exerted on the load cell exceeds the maximum load capacity. Varying steady
wind speed conditions with a maximum wind velocity of 120 mph are calculated to determine the
stability of the system. The empty pressure vessel condition under wind loading resulted in the stress at
one load cell to be zero at approximately 71 mph, 83mph, and 88mph for 50 CuFt, 200 CuFt, and 1100
CuFt respectively. Further, stability and the stiffness of the pressure vessels with load cells were
analyzed using dynamic analysis to determine the fundamental natural frequencies of the vessels and
compared to the vortex shedding frequencies calculated at various wind velocities to investigate the
potential of resonance when the vessel is subjected to steady wind conditions. Results indicate that the
50 CuFt model can be subjected to resonance conditions at an approximately constant velocity as low as
25 mph.
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CHAPTER 1
INTRODUCTION
Purpose of the Study
This study seeks to determine the cause of failure for a type of load cell supporting vertical
pressure vessels. Three existing load cell models supporting three individual pressure vessels are
assumed to be operating under safe conditions. The analysis was focused on the strength of each
load cell subjected to two static load conditions as well as the stability of each pressure vessel
under severe conditions with varying support system configurations. These vessels are used in the
oil and gas industry for fluid catalytic cracking (FCC), and so play a critical role in petroleum
refinement. The company whose product is being studied has been around for over 200 years and
has operations in several different countries. Their vessels hold a catalyst that is used for the FCC
process, and the amount of catalyst to be released is determined by interpreting the changing
weight measured by the load cells. This is done through a process called gravimetric level control,
an accurate control method for free-flowing solids, liquids, and gasses (Berman, 1985). The
system designed has an accuracy of 0.10 lbs, a feat with far-reaching implications in this
operation. Inside the vessel, compressed air is used not unlike a sandblaster shown in Figure 1. The
compressed air exerts a force on the material inside the tank which causes the material to flow
towards the exit nozzle. A system like this is used to avoid an internal stirring arm.
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Figure 1. Internal Compressed Air Forces Controlled Flow of Solid (Enviro-Management
& Research, 1976)

The compressed air is set at 80 psi for operations and will continue up to 5 minutes after
the vessel is empty. At that time, the load cells will register a weight indicating that the catalyst
has been depleted and the system will turn off until the vessel is either manually or automatically
filled. It may be turned back on once that happens. Due to the nature of the system, having a load
cell crack and fail results in a pause of functional operations, cost of repair, and an increase of
concern for the company. While only five load cells have been recorded to fail in the last twelve
years, a few of the failures were determined to be the fault of the operators working for the buyer.
The three most recent failures, however, happened without such a clear indication of misuse and
require a study on the impact of wind and seismic activity. The pressure vessels are installed in an
open-air environment. Open-air can be used as a synonym for any environment outside of a fourwalled building or enclosed area , but it may also be used for any workplace environment where
the air is unenclosed. One such example of an unenclosed area is a factory floor with a bay door
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open. Another would be a structure with perforated brick walls. Due to the possibility of wind
interacting with the vessels vibrational analysis is also a concern for designers to see if the wind
velocities can induce a resonance condition and if additional dynamic load due to wind velocity
could result in failure of the load cell structure. The vessels, being bluff by design, may be subject
to vortex shedding, impact loading from the wind, seismic activity, or a combination of the three.
The load cells, resting between the vessel and the ground, will therefore be receiving a portion of
the forces that the vessels are under.

How This Study Is Original

The company has designed the vessels with three different models, a 50 CuFt, a 200 CuFt
shown in Figure 2, and a 1100 CuFt model. Each of these three-legged vessels have a different set
up of support structures that include overlapping crossbars and horizontal parallel bars at various
heights. These vessels then rest on three equidistant load cells. The load cells have failed in the
field, but the lack of recorded failure times and mode lends to the timing of seeking analysis from
an outside source. Evidence of failed devices removed from the field is minimal.

Figure 2. 200 CuFt Vessel Resting on Load Cells
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These vessels and their support configurations have been analyzed mathematically, as well
as through SolidWorks and ANSYS Workbench. The results have yielded information on stress,
strain, deformation, and natural frequency. The criteria for these vessel and load cell assemblies
have been to test against the effects of 120 mph winds. Some of the critical results were then
verified experimentally using a subsonic wind tunnel and models printed of ABS plastic.
Dimensional analysis was avoided due to the complexity of manipulating the Reynold’s Number.
Instead, a series of equations were generated that allow for scaling the model to a manageable
prototype.
This work is unique in that the company producing these vessels has not had a
comprehensive study done on the impact their vessels will have on this brand of load cells. The
vessels are vertical, bluff pressure vessels under high wind load. These wind conditions are the
common testing criteria for much of the United States because of the range of wind velocity that
can occur, as shown in Figure 3. While the company has an algorithm for determining the
allowable strength of the load cell, having many broken load cells indicate that an unaccounted-for
method of failure is occurring.

Figure 3. Maximum Windspeeds Across United States of America (ALP, 2009)
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If it can be determined that the failure of the load cells was due to an external force on the pressure
vessel, then a recommendation can be made to either increase the strength of the loadcell or
change the design in a cost-effective manner depending on the failure method identified.
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CHAPTER 2
LITERATURE REVIEW OF NECESSARY THEORY
Pressure Vessel Design

Pressure vessels are commonly used for storage and are typically cylindrical in nature.
Spherical designs for pressure vessels are superior to cylindrical vessels in many ways. Limiting
heat transfer from the environment to the contained substance and having more storage per square
foot are two such examples. Spherical vessels are difficult to manufacture and therefore are not as
cost-effective depending on the diameter of the cylindrical vessel. As the diameter increases, so
does the cost to manufacture. One of the most common designs is to have a cylindrical body with
end caps. These ends caps are called heads. (Solken, 2019) The pressure vessels analyzed for this
study are designed with cylindrical bodies, a 2:1 elliptical head for the top head, and a toriconical
cone for the bottom head. The 200 CuFt vessel is shown in Figure 4. While the cylindrical body
has weak points at the ends, having a near-spherical shape for stress distribution helps to alleviate
the weak points (Solken, 2019)

Toriconical
cone Head
2:1 Elliptical
Head
asaasas

Cylindrical
Shell Body

Figure 4. 200 CuFt Vessel Horizontally Laid for Assembly
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The vessels are vertical in orientation to allow gravity to assist in the release of catalyst
during operation. Vertical vessels have other benefits over their horizontal counterparts, including
reduced footprint and better stress distribution (Zwirner, 2014) Pressure vessels as a whole must
adhere to ASME Code, Section VIII, Division 1 (Moss, 2014) The code gives formulas for
thickness and stress, but it is up to the designer to choose how to gather that information and to
determine what forces will impact the vessel. This information must be compared to a failure
mode in order to mean anything. The vessel bodies may undergo any of the following eight
failures: elastic deformation, brittle fracture, excessive plastic deformation, stress rupture, plastic
instability, high strain, stress corrosion, and corrosive fatigue (Moss, 2014) These failures may not
always be isolated. Choosing the wrong material for the application, as an example, may cause
brittle fracture which could lead to stress rupture.

Vortex Shedding

Vertical vessels are not without their risks. Being bluff (not streamlined) in nature, vertical
vessels are at risk of failure from wind and seismic loadings. Exposure to any fluid, though in this
scenario wind, may induce a phenomenon called vortex shedding. Vortex shedding is dependent
on the geometry of the body, the velocity of the wind, and the properties of the wind. As the wind
flows around the body, vortices shed on either side of the object at a certain frequency (Sparta
Engineering Inc.). The vessels have a rectangular cross-section and a smooth surface which
produces a large drag. The flow of a fluid over the buff object causes the fluid to momentarily
detach from the surface, creating eddies and vortices, which in turn generate low-pressure zones
behind the structure’s downwind surface, shown in Figure 5. The low-pressure zones generate a
Von Karman vortex sheet that can, through the surrounding air rushing in to fill the low-pressure
zones, excite the system with a vibrational load (Fu, 2018)
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Figure 5. Vortex Shedding Visual (Haque, 2019)
Frequency is defined as the rate at which a vibration in the form of waves, sound or
electromagnetic radiation, for example, completes oscillations per second. The natural frequency is
the frequency at which a system will oscillate while in a static state. The natural frequency is
proportional to the structure’s stiffness (Lee, 2018). If an externally applied force or an imposed
displacement excitation introduces an external energy to which an applied forcing frequency
coincides with the natural frequency, a resonance condition is generated. Under this resonance
condition, a gradual but unceasing increase in amplitude for the oscillations of the system occur
until the device is secured or fails. This can produce irreparable damage, and in some unfortunate
instances, claim lives. If the induced loading from vortex shedding matches that of the natural
frequency of this vessel, the pressure vessel may resonate. The load cells underneath the vessel
have a single degree of freedom, and this will be where the resonating vibrations of the vessel
could cause failure. While the pressure vessels are typically inside, there are a few operating either
in the open or with a structure built around it. The analysis that the company is conducting treats
any structure built around the vessel as if it were in the open. This is done to anticipate a case of
wind flowing through the surrounding structure and interacting with the vessel.
The Vortex shedding frequency is dependent upon the Reynolds Number (Re), and the
Strouhal Number (St). The Reynolds number is a dimensionless number defined by the
characteristic length scale (diameter, D), free stream flow velocity (U), and the kinematic viscosity
of the fluid (v) (Clark, 2018). This is worked out in Appendix Table A1.
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Eq(1)

Re =

𝑈𝐷
𝑣

The Strouhal number, which depends upon Reynolds Number, is a dimensionless number
that represents the vortex shedding frequency (Fs), characteristic length scale (diameter, D), and
the flow velocity (U) (Clark, 2018).
Eq(2)

St =

(𝐹𝑠∗𝐷)
𝑈

Figure 6 is shown to present the relationship between Reynolds Number and the Strouhal
Number for cylinders (Mendez, 2017). Between the Reynolds Number range of 250 and 2x105 it is
encouraged to use the formula;
Eq(3)

St = 0.198(1 −

19.7
)
𝑅𝑒

Most cylinders and shapes will have a Strouhal Number close to 0.2, and so it is accepted
for a wide range of geometries to assume and use 0.2 (Sunden, 2011). In the case of the pressure
vessels being evaluated, however, the smooth surface requires the use of the upper limit on the
graph.

Figure 6. Correlation Between Strouhal Number and Reynolds Number for Vortex
Shedding Frequency Calculations (Mendez, 2017)
Triogi, Puprayogi, and Spirda reported that by installing a significantly smaller cylinder in
the upstream direction of flow, a 48.00% reduction in drag for the larger cylinder can be achieved
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(Takayama, 2005). The manway on the analyzed pressure vessels is smaller than the overall
diameter of the vessel, as shown in Figure 7. The issue, however, is that the rest of the body is
exposed to the wind loading. Wind will interact with the turbulence generated from interactions
with the manway, but it may not be substantial enough to mitigate the danger of vortex shedding.

Figure 7. SolidWorks Models of the Three Pressure Vessels
What may influence the likelihood of vortex shedding is the piping that hangs from the
vessel. In Figures 4 and 8 the inclusion of piping may introduce enough drag to break up the
vortices produced. This will not be analyzed, however, as the worst-case scenario has it to where
the wind will be not influenced by any piping. In order to be consistent with the worst-case
scenario, the piping configurations will not be included in analytical or CAD models.
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Figure 8. Wind Flowing Around 200 CuFt Vessel

Load Cells Used for Gravimetric Dosing
Gravimetric level control, an inventory control method, is an accurate means of
measuring free-flowing solids, liquids, and gases inside tanks as some applications require
precision level monitoring for the weight of a material that is in the vessel by using load cells
(Bergman, 1985). Weight is measured due to the variance that can occur in other properties.
Density can be influenced through the collection of air bubbles or by a change in temperature
influencing the volume of what is being measured. Pressure that is ambient, applied, or within a
pipe, is also a variable that can be influenced by temperature change. Gravimetric dosing has
become popular for using only mass and gravity to produce a system that relies on accurate load
cells. Gravimetric dosing is not the only method used by companies for inventory and quality
control. Measurement with a level sensor, volume measurement, and mass flow measurement
are four of the most common methods (HBM, 2020).
Load cell versatility in terms of size, sensitivity, and direction of load allow for
gravimetric dosing to be less susceptible to error than other methods. Load cells contain strain
gauges, often in a Wheatstone bridge circuit, that can determine the change in weight accurately
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through measuring a change in strain within a spring material. Increasing the number of strain
gauges, up to two on a cylinder and four for a beam, allows for greater accuracy.
The load cells are placed on the outside of the tank and as a result are not affected by the
shape of the tank, operation process, or material parameters. External factors such as wind,
earthquakes, and temperature related-expansion and contraction of the vessel’s structure
introduce additional forces to the overall structure; therefore, the load cells should mitigate the
external factors (Berman, 1985) For a three-legged vessel, the ideal position for the installation
of load cells are on the three bearing points, with one load cell positioned on under each leg as a
support; this is the statically determinate state. The optimum arrangement is met when all three
load cells are equidistant from each other in the same plane and supporting the vessel’s vertical
axis (HBM, 2017). Applications for load cells used for gravimetric measurements are for
mixing tanks, weigh hopper design, calibration services, etc., hence, load cells should ensure
accurate measurements while under severe conditions with a self-aligning load cell assembly
(Rice lake) The recommended method selects load cells with correct capacity, with each load
cell having the same capacity as the rest, based on the gross weight of the vessel and the number
of legs or support points of the vessel (Rice Lake) The new calculated weight is the nominal
weight carried out by each load cell; however, load cell capacity should be higher than the
nominal weight with a capacity of 25 to 50 percent in addition per load cell. The parameters
considered to determine the additional capacity for the load cell are accurate calculation of
vessel dead weight, equal load distribution on each cell, possibility of overfilling of the vessel,
and if the vessel is subjected to wind loading (Rice Lake).

19
Load Cells
The load cells supporting the 50 CuFt and 200 CuFt, and 1100 CuFt vessels are part of a ground
support assembly structure. The load cell assembly supporting the 50 cu ft model consists of the EZMount #17823 made of 17-4 stainless steel with the 5,000 lb. double ended beam RL700000 stainless
steel, alloy 630 load cell. The support assembly structure for 200 cu ft is the EZ- Mount #17823 with
10,000 lb. double ended shear beam made of stainless, NTEP certified 1:5000 Class III/ 1:10,000 III,
multiple cell, IP67. EZ- Mount #17824 with 40,000 lb. double ended beam load cell is used for 1100
CuFt. A load cell assembly used to support the 200 CuFt model is shown in Figure 9.

Load
cell

Figure 9. Load Cell Assembly for 200 CuFt
Haque, Nowak, and Callaghan reported, speaking of the 200 CuFt model, “These W8x31 legs
are welded to a ½ SA-516-70 plate on the other side; bolted with four ½-13 SA193-B7/SA194-2H bolts
to the Load Cell Assembly EZ-Mount #17823 with the 10k Double Ended Beam Load cell. These load
cells are bolted to the Skid frame with four 1”-8 SA193-B7/SA194-2H bolts which are bolted to the
foundation via an embedded anchor bolt provided by the refinery” (Haque, 2019). This is shown in Figure
10.
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Figure 10. Load Cell Assembly Detail (Haque, 2019)
The load cell works by measuring deflection. There is a single point of contact with the
load cell in the assembly shown in Figure 11. The center of the load cell has a semicircular surface
where the upper and lower pin rests. There is a 1/8” gap between the bottom of the load cell and
the bottom pin. The bottom pin is used to prevent the vessel from tipping over due to wind and
seismic activity.
Contact Point

Figure 11. Load Cell Graphic (Rice Lake)
The reflective surfaces are hollow cavities. Inside these cavities are wires connected to a
Wheatstone bridge circuit setup. Using strain gauges, shown in Figure 12, deflection is measured
in the load cell. The cross-sectional geometry of this bridge is shown in Figure 13. The greatest
stress concentration occurs there because of the change in geometry from the rest of the load cell.
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Strain
Gauge

Figure 12. Strain Gauge Exposed in Broken Load Cell.

Figure 13. Change in Cross-Sectional Geometry Within the Load Cell
As the metal of the load cell body goes from solid to the I-beam section of the hollow
cavity, the pressure is significantly higher in this section due to the decrease in cross-sectional
area. The flexure will be greatest in this section, which allows for the most accurate strain
readings.
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Load Cell Failure
The failure of the load cell may occur from a variety of different sources. In a static state,
shown in Figure 14, weight is the primary force on the load cell. Investigation on the cracked load
cell, pictured in Figs. 12 and 13 led to notice of the rough surface at the fracture point. The lack of
a shiny surface, indicative of the rubbing associated with vibration from resonance leads to the
belief that impact loading may be the key mode of failure.

Figure 14. Static Free-Body Diagram of Load Cell Assembly Under Vessel Weight

The company provided a load cell that was found to be cracked. The underside of the load
cell was determined to be where the crack initiates. As shown in Figures 15, 16, and 17 there is
also a mark where it is possible that the bottom pin contacted the load cell.

Surface of
Contact

Crack

Figure 15. Underside of the Load Cell
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Figure 16. Clearer Image of the Side of the Load Cell

Figure 17. Underside of the Load Cell – Zoomed in for Detail

A broken load cell is shown in Figure 18. This is the clearest image of the underside of the
load cell where a contact surface from the lower pin is visible. Focusing on the fracture, the metal
appears to be pulled apart. This would signify extreme stress on the material exceeding the
Young’s Modulus. Under impact loading, even if the distance between surfaces is zero, it is
assumed that the force is at least doubled. Repeated impact loading weakens the strength of the
material more than cyclic loading (Reinhardt, 1982). These two factors can lead to instances of
significant time gaps between impacts while still damaging the integrity of the material.

24

Figure 18. Fractured Load Cell Pictured from the Bottom

Figure 19. Load Cell Assembly bolted to Vessel Leg and Skid Plate

Figure 20. 1/8 Inch Gap Between Lower Pin and Load Cell
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A gap, shown in Fig. 19 and zoomed in with Fig. 20, allows for the load cell to be assembled
and disassembled easily. This gap, measuring 1/8 in between the lower pin and bottom of the load cell
also allows for deflection of the load cell to occur; a gap which is needed to prevent false positive
readings during operation. A significant and hazardous reality is also realized as this gap allows for
impact loading. When the vessel undergoes a wind force that shifts the center of mass, there is a scenario
where the load cells opposite the wind are now experiencing more weight than under a static condition.
As the vessel weight shifts back to normal, either through a change in wind or contact with the pin
underneath to restrict movement, the vessel weight now is shifted unevenly over one load cell. This
loading is an impact loading. The greater the shift in the mass of the vessel due to wind loading, the
greater the impact load experienced by the singular load cell. On the occasion where the vessel is shifted
to a point that the lower pin must restrict the upward deflection of the load cell, a rapid succession of two
impact loadings is experienced by the load cell.
Solving for maximum deflection and maximum static stress (impact load). Between the
parenthesis is what is called an “impact factor” (Engineers Edge, n.d) This factor scales the static
deflection or stress based on the height of the impact. On the occasion that there is no difference in
height (where h = 0), the impact force is assumed to be twice that of the static force. The values 𝑑𝑠𝑡
and 𝜎𝑠𝑡 are found from the static deflection and stress of the weight of the vessels on the load cells.
Eq. (4)

𝑑 = 𝑑𝑠𝑡 (1 + √1 +

2∗ℎ
)
𝑑𝑠𝑡

Eq. (5)

𝜎 = 𝜎𝑠𝑡 (1 + √1 +

2∗ℎ
)
𝑑𝑠𝑡

The maximum deflection of the 50 CuFt load cell under impact, 𝑑𝑠𝑡 = 0.0021 in and h = 0.13 in
for the 1/8 in gap between the bottom of the load cell and the bottom pin. The maximum deflection
would then equal 0.022 in because the impact factor is 11.22. The deflection at capacity, according to the
manufacturer for the 50 load cell, is 0.02 in. This is less than the maximum deflection experienced under
the impact load. Equation 5 solves the impact stress to be 595ksi. The tensile strength of 630 Stainless
Steel is 160 ksi (Specialty Steel Supply, n.d.).
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The endurance limit of the overloaded load cell is computed using the following equation.
Eq. (6)

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑆𝑡𝑎𝑡𝑖𝑐 𝑊𝑒𝑖𝑔ℎ𝑡+𝑋
1.5×𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝑜𝑎𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

+

𝐾𝑓
(𝐴×𝐵×𝐶)

𝑋

× 0.75×𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐿𝑜𝑎𝑑 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 = 1

Kf is the actual stress conservation factor, which is liberally assumed as 1.1. The A is the loading
factor, taken as 1. B is the size factor assumed to be 0.9 and C is the surface finish factor assumed to be
0.9. The endurance limit is the point of stress applied to a material where there should be no failure due
to fatigue. This would mean that it would take over a million cycles to occur before. This limit is
typically defined as a stress within 0.02% of the tensile strength (British Stainless-Steel Association,
n.d.). Should the force exceed that of the tensile endurance limit, material wear, microcracking, and
corrosion pits are likely to occur. These further weaken the material.
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CHAPTER 3
MATHEMATICAL DETERMINATION OF NATURAL FREQUENCY
Analyzing the pressure vessels mathematically is complex due to the geometry. In order to
calculate the natural frequency mathematically to be verified computationally, each vessel was treated as
a simply supported beam. The load cells were not analyzed due to the strength of their material. The low
deflection under high weight indicated that the stiffness of the material was immense. Simple spring
knowledge lends itself to the concept that should springs be in series, the overall system cannot be
stronger than the weakest spring. In treating the vessels as a simply supported beam, the support
structures could be analyzed as springs in series and in parallel. For the equations, only parallel bars
were considered for proof of concept. Inclusion of the cross bars were analyzed computationally after
verification of method.

Table 1. Relevant Dimensions for the Pressure Vessels in Inches and Feet

Leg Length (in)
Diameter (in)
Body Height (in)
Assembly Height (in)
Loadcell Height (in)
Total Height (in)
Leg Length (ft)
Diameter (ft)
Body Height (ft)
Assembly Height (ft)
Loadcell Height (ft)
Total Height (ft)
Empty Weight (lbs.)
Weight Full of Water (lbs.)

50 CuFt
90.00
36.00
108.00
177.50
5.36
182.86
50 CuFt
7.50
3.00
9.00
14.79
0.45
15.24
50 CuFt
4400.00
7700.00

200 CuFt
108.00
60.00
132.25
226.38
5.36
231.74
200 CuFt
9.00
5.00
11.02
18.87
0.45
19.31
200 CuFt
9683.60
24600.00

1100 CuFt
120.00
96.00
272.00
366.13
8.32
374.45
1100 CuFt
10.00
8.00
22.67
30.51
0.69
31.20
1100 CuFt
31000.00
92000.00
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Theoretical calculations for the fundamental natural frequency of the empty pressure vessels
with the parallel bars condition are calculated without the inclusion of load cells. The legs are treated as
cantilever beams with the mass of the pressure vessel resting on all three legs. For the 50 CuFt pressure
1

4

vessel, the legs are divided into a ratio of 5 L (below the parallel bars) and 5 L (above the parallel bars).
The mass of the vessel is 11.39

𝑙𝑏
𝑖𝑛
𝑠2

, the area moment of inertia Ix= 21.67 in4. K1eq, the stiffness

coefficient, is calculated using parallel relationships between each beam k2eq is calculated using parallel
relationship between all three K2’s. Then the equivalent K was calculated using the series relationship.
Using the relationship between frequency and stiffness coefficient, the frequency of the pressure vessel
was calculated. For the 200 CuFt pressure vessel, the legs are divided into ratios
K2, and

13
𝐿
108

16
𝐿
27

for K1,

31
𝐿
108

for

for K3, the ratio for K4 is the sum of the distance for K2 and K3. The equivalent stiffness is

calculated by the appropriate relationship between the springs in series and/or parallel relationship
followed by the calculation of the frequency. Same procedure was used for the 1100 CuFt pressure
vessel with the ratios

353
𝐿
480

for K1,

43
𝐿
480

7
𝐿
40

for K2, and

for K4, and the ratio for K3 is the sum of ratios

of K1 and K2.
The equation used for finding the stiffness coefficient is,
Eq(6)

K=

3𝐸𝐼
𝐿3

Where E is the Young’s modulus, I is the area moment of inertia, L is the length. Using the relationship
between stiffness coefficient and frequency, the frequency was calculated using,
𝐾𝑒𝑞
𝑚

Eq(7)

ω=√

Eq(8)

f= 2𝜋 √

1

= 2πf

𝐾𝑒𝑞
𝑚
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Figure 21. Simplification of 50 CuFt Pressure Vessel into Spring Configuration with
Simple Mass Replacing Vessel Body for Empty and Water-Filled Hydrostatic Condition

Using the information in Table 1 for the 50 CuFt model, the natural frequency can be
solved for.
Leg length (L) = 90.00 in
Empty Vessel Weight (W) = 4400.00 lbs.
Water-Filled Vessel Weight (Wf) = 7700.00 lbs.
Mass of Empty Vessel (mv) = 11.39 lb/in/s2
Mass of Water-Filled Vessel (mv) = 19.94 lb/in/s2
Modulus of Elasticity (E) = 29,007,548.78 lb/in2
Moment of Inertia, x (Ix) = 21.67 in4
k1, eq =

1125 ∗ 𝐸 ∗ 𝐼𝑥
64 ∗ 𝐿3

k2, eq =

1125 ∗ 𝐸 ∗ 𝐼𝑥
64 ∗ 𝐿3

k eq =

225 ∗ 𝐸 ∗ 𝐼𝑥
13 ∗ 𝐿3

= 14,921.81 lb/in
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ω=√

𝑘𝑒𝑞
𝑚𝑣

= 2πf

fempty = 5.76 Hz
fwater-filled = 4.35 Hz

Figure 22. Simplification of 200 CuFt Pressure Vessel into Spring Configuration with
Simple Mass Replacing Vessel Body for Empty and Water-Filled Hydrostatic Condition

Using the information in Table 1 for the 200 CuFt model, the natural frequency can be
solved for.
Leg length (L) = 108.00 in
Empty Vessel Weight (W) = 9683.60 lbs.
Water-Filled Vessel Weight (Wf) = 24,600.00 lbs.
Mass of Empty Vessel (mv) = 25.07 lb/in/s2
Mass of Water-Filled Vessel (mv) = 63.69 lb/in/s2
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Modulus of Elasticity (E) = 29,007,548.78 lb/in2
Moment of Inertia, x (Ix) = 53.40 in4
k1, eq =

177,147 ∗ 𝐸 ∗ 𝐼𝑥
4096 ∗ 𝐿3

k2, eq = 253.71 ∗
k3, eq =

𝐸 ∗ 𝐼𝑥
𝐿3

7,558,272 ∗ 𝐸 ∗ 𝐼𝑥
2197 ∗ 𝐿3

k4, eq = 44.36 ∗
k eq = 37.47 ∗

𝐸 ∗ 𝐼𝑥
𝐿3

𝐸 ∗ 𝐼𝑥
𝐿3

= 46,079.85 lb/in

𝑘

ω = √ 𝑚𝑒𝑞 = 2πf
𝑣

fempty = 6.82 Hz
fwater-filled = 4.28 Hz

Figure 23. Simplification of 1100 CuFt Pressure Vessel into Spring Configuration with
Simple Mass Replacing Vessel Body for Empty and Water-Filled Hydrostatic Condition

32
Using the information in Table 1 for the 1100 CuFt model, the natural frequency can be
solved for.
Leg length (L) = 120.00 in
Empty Vessel Weight (W) = 31,000.00 lbs.
Water-Filled Vessel Weight (Wf) = 92,000.00 lbs.
Mass of Empty Vessel (mv) = 80.27 lb/in/s2
Mass of Water-Filled Vessel (mv) = 238.20 lb/in/s2
Modulus of Elasticity (E) = 29,007,548.78 lb/in2
Moment of Inertia, x (Ix) = 272 in4
k1, eq = 15.09 ∗
k2, eq =

47,905,071 ∗ 𝐸 ∗ 𝐼𝑥
5740∗ 𝐿3

k3, eq = 15.06 ∗
k4, eq =

𝐸 ∗ 𝐼𝑥
𝐿3

𝐸 ∗ 𝐼𝑥
2197∗𝐿3

576,000 ∗ 𝐸 ∗ 𝐼𝑥
343∗ 𝐿3

k eq = 92,031.90 lb/in
𝑘𝑒𝑞

ω = √ 𝑚 = 2πf
𝑣

fempty = 5.39 Hz
fwater-filled = 3.13 Hz
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Mathematical Determination of Wind Loading on Vessel

The testing criteria for these vessels is 120 mph winds, common in many places in the
United States. At 20°C, the properties of air are used in the equations.
Mathematically, the wind weight was solved for using a series of equations. The first
equation was used to determine the static pressure applied to the pressure vessel body by the wind
loading.
Eq (9)

𝑃=

1
2

∗ 𝜌 ∗ 𝑉2

The second equation solved for the force applied by the wind using the aforementioned
pressure.
Eq (10)

𝐹 =𝑃∗𝐴

Using this force, the torque experienced on the far leg was calculated.
Eq (11)

𝑇 =𝐹∗𝑥

The horizontal distance between the legs was the next calculation, where:
Eq (12)

𝑌 = 2 ∗ 𝑟 ∗ sin (60)

Finally, the weight of the wind loading applied to the farthest load cell from the manway
was solved.
Eq (13)

𝑊=

𝑇
𝑌

For nomenclature,
A – Cross-sectional Area (ft2)
F – Force applied to the Pressure Vessel based on Wind Loading (lbf)
P – Static Pressure (lbf/ft2)
T – Torque on the Legs from Wind Loading (lb*ft)
V – Velocity of the Wind (ft/s)
X – Total Height of the Pressure Vessel minus ½ of the Pressure Vessel Body (ft)
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Y – Horizontal Distance Between the Legs (ft)
𝜌 – Density of Air (slug/ft3)

Using these equations, a few more steps can be completed to determine the force
experienced by each load cell. Should the force overcome the static weight each load cell
experiences from the pressure vessel, there is an instance where contact is lost on the leg directly
in the path of the wind. When that happens, weight is shifted from that leg onto the other two.
This is depicted crudely in Figure 24.
These equations are best considered for the scenario where the manway on the pressure
vessels is in line with the direction of the wind. The manway, being solid steel, would shift the
center of gravity away the geometric center of the pressure vessel cylinder. This location of the
center of gravity, not equidistant from the 3 legs, would allow for a gust of wind to lean the vessel
over in the direction of the manway. Should the wind flow perpendicular to the manway, the
calculated wind would not be able to tip over the vessel.

Figure 24. Wind Force Interacting at the Center of the Vessel Body and Interacting with
the Load Cells, Circled.
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Table 2. Calculating the Weight Experienced by the Load Cells and the Factor of Safety
50 CuFt

200 CuFt

1100 CuFt

Max Load Capacity (lbs.)

5000.00

10000.00

40000.00

Current Static Weight

2566.67

8200.00

30666.67

Wind Load + Weight (120mph)

6678.14

14670.51

49827.44

Without Wind Load Factor of Safety

1.95

1.22

1.30

Wind Load Factor of Safety (Load
Cell)

0.75

0.68

0.80

150% Overload Factor of Safety

1.12

1.02

1.20

W+Chart from PP

Table 3. Determining the Wind Velocity and Force Placed on the Load Cells at 120mph
Empty Vessel
50 CuFt

200 CuFt

1100 CuFt

Empty Vessel (lbs.)

4400.00

9383.60

31000.00

Load per load cell (weight/3)

1466.66

3127.87

10333.33

Contact Lost
(-2644.81)

Contact Lost
(-3342.64)

Contact Lost
(-8827.44)

70-80

80-90

80-90

50 CuFt

200 CuFt

1100 CuFt

Vessel Weight (lb.)

6900.00

21623

86000.00

Load per load cell (weight/3)

2300.00

7207.67

28666.67

Contact Lost
(-1811.48)

737.16

9505.89

80-90

120-130

140-150

50 CuFt

200 CuFt

1100 CuFt

7700

24600

92000

2566.67

8200

30666.67

Contact Lost
(-1544.81)

1729.4944

11505.89

90-100

130-140

150-160

Net load after wind load adjustment
@120 (negative = no weight)
Wind Speed where contact is lost

Catalyst Filled

Net load after wind load adjustment
@120 (negative = no weight)
Wind Speed where contact is lost

Water Filled
Vessel Weight(lb.)
Load per load cell (weight/3)
Net load after wind load adjustment
@120 (negative = no weight)
Wind Speed where contact is lost
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Table 4: Calculated Wind Velocity for Initiation of Instability
50 CuFt

200 CuFt

1100 CuFt

Empty (mph)

71.58

83.30

88.03

Catalyst Filled (mph)

89.74

126.56

146.70

Water Filled (mph)

94.68

135.00

151.77

Figure 25. Trendline for Wind Velocity Causing Instability for Each Vessel per Catalyst Filled
Percentage
Utilizing the data from Tables 2, 3, and ultimately Table 4, it would be necessary to test if it is
possible to set up a situation where the added wind force could tip over a pressure vessel. The reason for
evaluating the tipping of a vessel would be to have a visual for the loss of contact situation. If the vessel
legs lose contact with the ground, it would validate these series of equations. If these questions are
correct, then impact loading is the likely cause of load cell failure. A key reason for this investigation,
shown in Fig. 25, is that even with the damping effect of a catalyst in the vessel, the wind loading would
still cause instability under the desired 120 mph criteria.

37
Utilization of Subsonic Wind Tunnel for testing of 3-D Models

Georgia Southern University has a subsonic wind tunnel that was used for this experiment.
Conventional dimensional analysis used in fluid dynamics requires the use of manipulating at least one
non-dimensional number, such as the Reynold’s Number. The issue with this is that to use the wind
tunnel on campus, the vessel would have to be roughly 18 inches tall. To solve for the wind speed
required, over 1000 mph is required by dimensional analysis. To get around that, the series of equations,
Eq. 9 through Eq. 13 were organized through statically analyzing the vessel. To prove that the equations
will work for any three-legged vessel, a 3-D printer was used to create ABS replicas of the pressure
vessels, shown in Figure 26.

Figure 26. 18-inch ABS Plastic Models used for Testing
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Figure 27. Subsonic Wind Tunnel on Georgia Southern Campus

Figure 28. Diagram for how the Wind Tunnel Operates

Figure 29. 18-inch 200 CuFt Model Placed in Front of the Wind Tunnel Outlet

Figures 27, 28, , and 29 are used to show the experimental set-up. The subsonic wind
tunnel has a maximum safe operating speed at 30 mph. Based on the same series of calculations,
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utilized to determine the wind force required for a shifting of weight from one leg to the other two,
the force generated at a wind speed producible by this wind tunnel for the same situation to occur
for the 18-inch models was found. This is shown in Table 5.
Table 5. 18-inch Plastic Calculations to Determine Uneven Distribution of Mass for
Empty, Catalyst Filled, and Water Filled Condition
50

200

1100

Mass - Empty (lb.)

0.36

0.55

0.35

m/3 (lb.) =

0.12

0.18

0.12

Where Fw>m/3 (mph)

8.20

6.20

Where it topples (mph)

6.60
6.70,
6.80

9.20

7.60

% Error

-0.02

-0.12

-0.23

Mass to be added - Catalyst (lb.)

0.56

1.27

0.96

m/3 (lb.)=

0.19

0.42

0.32

Where Fw>m/3

8.20

12.60

10.40

Where it topples (mph)

13.07

N/A

10.56

% Error

-0.59

N/A

0.015

256.07 578.12

436.65

85.36 192.71

145.55

grams conversion (Catalyst)
m/3 (g)=
Mass to be added - Water (lb.)

0.63

1.45

1.03

m/3 (lb.)=

0.21

0.48

0.34

Where Fw>m/3

8.80

13.40

10.60

Where it topples (mph)

N/A

N/A

11.00

% Error

N/A

N/A

-0.038

285.76 657.71

467.11

95.25 219.24

155.70

grams conversion (Water)
m/3 (g)=

The wind speed was determined by two separate wind velocity gauges, shown in Figure
30. In the occasion of there being a difference in measurement, the average of the two readings
was taken.
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Figure 30. Wind Velocity Gauges used to Measure Wind Speed of Wind Tunnel Outlet at
the Middle of the Pressure Vessel Body

The board in front of the wind tunnel was eventually replaced by a stainless-steel plate
provided by the company to minimize any possibility of vibrations from the wind tunnel onto the
wood. The first board was 48-inches long and was measured and marked off every 6-inches for
consistency of results. The newer plate was marked off every 3 inches. As the flow develops from
the wind tunnel there will be different velocities of wind along the flow profile. To test at a variety
of positions that have slight differences in velocity will allow for more data to be collected
without sacrificing time and retrials. Figures 31, 32, and 33 were made after some testing on the
18-inch 50 CuFt model was tested. The series of calculations determined that at 6.6 mph, the
vessel would experience a shifting of mass. While it was not possible to measure at the time the
uneven distribution of weight, the criteria for success was determined to be the tipping of the freestanding vessel. The flow profile and whether the vessel toppled or not is shown in Figures 31, 32,
and 33. The flow goes from left to right, and the first 6-inch gap is left empty to allow for the flow
to develop. The vessel was placed with legs on that first 6-inch marking and rotated 45 degrees
after 10 seconds. This was repeated until a full rotation was experienced. This was then repeated

41
for each of the markings. An unmarked area in these graphs indicated that the vessel did not
topple.

Figure 31. Data Representation of 18-inch 50 CuFt Model with No Failure

Figure 32. Data Representation of 18-inch 50 CuFt Model with Instability

Figure 33 Data Representation of 18-inch 50 CuFt Model with All Failure
Once data is collected, it will be analyzed to determine confidence levels and percentage of
error. This will be done with all the vessels to see if there is consistent error or if there is a difference
between models. The models will have subtle changes among them to better test the series of equations
and determine if there is a limitation to them. Should the data be in a relative percent error, less than
20%, then a determination of experimental success is merited.

Mathematical Determination of Factor of Safety and Impact Loading
The data for the 50 CuFt model on the 5,000 lb. load cell and the 200 CuFt model on the 10,000
lb. load cells are listed in Tables 6 and 7. Equations 2.6.2 and 2.6.3 do not consider cross-sectional area
(which changes from solid to I-shaped at the bridge which holds the strain gauges and then back to
solid), material properties, or the body interacting with the load cell what will absorb and distribute some
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of the energy. In both cases, the load cell will experience plastic deformation under impact loading. For
630 stainless steel, the yield strength is 160 ksi. Any force that exerts more than 160 ksi on the vessel
starts the process of plastic deformation which will result in the eventual failure of the load cell (Haque,
2019).

Table 6 Impact Loading of 50 CuFt Model on 5,000 lb. Load Cell.
50 cu ft

Empty

100% Catalyst

Maximum Deflection, h=0 in (in)

.0020

0.0030

Maximum Stress, h=0 in (ksi)

79.02

103.47

Maximum Deflection, h=1/16 in (in)

0.0070

0.0090

Maximum Stress, h=1/16 in (ksi)

201.71

240.82

Maximum Deflection, h=1/8 in (in)

0.010

0.013

Maximum Stress, h=1/8 in (ksi)

265.78

319.85

Rated Static Load Stress (ksi)

51.84

51.84

150% Overload (ksi)

77.76

77.76

Tensile Strength of material (ksi)

160.00

160.00

Factor of Safety, h=0 in

0.66

0.50

Factor of Safety, h=0 in, 150% overload

0.98

0.75

Factor of Safety, h=1/16 in

0.26

0.22

Factor of Safety, h=1/16 in, 150% overload

0.39

0.32

Factor of Safety, h=1/8 in

0.20

0.16

Factor of Safety, h=1/8 in, 150% overload

0.29

0.24
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Table 7 Impact Loading of 200 CuFt Model on 10,000 Load Cell
200 cu ft

Empty

100% Catalyst

Maximum Deflection, h=0 in (in)

0.0040

0.0080

Maximum Stress, h=0 in (ksi)

123.30

206.63

Maximum Deflection, h=1/16 in (in)

0.011

0.016

Maximum Stress, h=1/16 in (ksi)

272.88

381.31

Maximum Deflection, h=1/8 in (in)

0.014

0.021

Maximum Stress, h=1/8 in (ksi)

359.90

454.74

Rated Static Load Stress (ksi)

102.80

102.80

150% Overload (ksi)

154.20

154.20

Tensile Strength of material (ksi)

160.00

160.00

Factor of Safety, h=0 in

0.83

0.50

Factor of Safety, h=0 in, 150% overload

1.25

0.75

Factor of Safety, h=1/16 in

0.38

0.27

Factor of Safety, h=1/16 in, 150% overload

0.57

0.40

Factor of Safety, h=1/8 in

0.29

0.23

Factor of Safety, h=1/8 in, 150% overload

0.43

0.34
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CHAPTER 4
DATA AND RESULTS
Table 8 Wind Velocity for Absolute Failure with 18-in 50 CuFt Model
50 cuft (No Weight)
Base 3"
Probe 1 Velocity (fpm) 662 663
Probe 2 Velocity (fpm) 661 665
Avg Velocity
661.5 664
Topples?
no yes

6"
665
669
667
yes

9"
664
667
665.5
yes

1'
664
663
663.5
yes

1'3"
664
664
664
yes

1'6"
666
662
664
yes

1'9"
660
663
661.5
yes

2'
659
661
660
yes

2'3"
655
658
656.5
yes

2'6"
655
658
656.5
yes

2'9"
654
656
655
yes

3'
657
655
656
yes

Table 9 Wind Velocity for Instability with 18-in 50 CuFt Model
50 cuft (No Weight)

Base

Probe 1 Velocity (fpm)

3"

6"

9"

660

659 658

657

658 659 658 657 656 653 651 649 648

Probe 2 Velocity (fpm)

656

656 654

656

656 656 658 655 652 651 649 647 649

Avg Velocity

658 657.5 656

656.5

657 657.5 658 656 654 652 650 648 648.5

Topples?

no

yes

1'

no vibrates no

1'3" 1'6" 1'9" 2' 2'3" 2'6" 2'9"

yes

yes yes yes yes yes yes

3'

yes

Table 10 Wind Velocity for No Failure with 18-in 50 CuFt Model
50 cuft (No Weight)
Probe 1 Velocity
(fpm)
Probe 2 Velocity
(fpm)
Avg Velocity
Topples?

Base 3"

6"

9"

642 644 641 642

1'

1'3"

1'6"

1'9"

641 642

640

638 640 639 637 636 633

640 642 641 639 643 640
641 643 641 640.5 642 641
no

no

no

no

no

no

2'

2'3" 2'6" 2'9" 3'

639
638 637 633 632 634 629
639.5
638 638.5 636 634.5 635 631
slight
vibrations no no no no yes yes

Table 11 Wind Velocity for Absolute Failure with 18-in 200 CuFt Model
200 cuft (No Weight)
Probe 1 Velocity
(fpm)
Probe 2 Velocity
(fpm)
Avg Velocity
Topples?

Base

3"

6"

9"

745

747

744

747

753
749
yes

1'

1'3" 1'6" 1'9"

742 737 744 736

2'

2'3" 2'6" 2'9" 3'

735

741 737 737 736

748 750 746 744 747 748 741 742 740 745 743 744
747.5 747 746.5 743 742 746 738.5 738.5 740.5 741 740 740
yes
yes yes yes yes yes yes yes yes yes yes yes
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Table 12 Wind Velocity for Instability with 18-in 200 CuFt Model
200 cuft (No
Weight)
Probe 1
Velocity
(fpm)
Probe 2
Velocity
(fpm)
Avg Velocity
Topples?

Base

3"

6"

9"

1' 1'3"

1'6"

1'9" 2'

2'3"

2'6" 2'9"

742

739 740 742 743 742

739

733 733

729

736 730 729

741
740
no, tons of
wobbling

733 729
733 731

733
731
no, tons of
wobbling

730 734 730
733 732 729.5

742 744 744 747 745 744
742 741.5 742 744.5 744 743
yes

yes yes yes yes yes

no yes

3'

no no

no

Table 13 Wind Velocity for No Failure with 18-in 200 CuFt Model
200 cuft (No
Weight)
Base 3"
6"
9"
Probe 1 Velocity
(fpm)
704 710 719
721
Probe 2 Velocity
(fpm)
708 711 710
714
Avg Velocity
706 710.5 714.5 717.5
Topples?
no
no
no wobbling

1'

1'3" 1'6" 1'9"

719 715 712 711

2'

2'3"

2'6"

2'9"

3'

704

708

706

702

709

713 710 706 708 701 695 697 695 696
716 712.5 709 709.5 702.5 701.5 701.5 698.5 702.5
no no no no
no
no
no
no
no

Tables 8 through 13 were recorded with feet per minutes (fpm) as that is what the velocity
gauges recorded. When converted to mph, the data can be collected as such in Table 14. The
lowest point was chosen for toppling due to the possibility of a weak orientation. During the
experiment, the only orientation that allowed for tipping was the placement of the manway
opposite the outlet of the wind tunnel. The manway, being dense, changed the center of mass for
the vessel. Any other orientation failed to tip over or vibrate. This is significant because the
manway is not included in the calculations. Without printing other models that lack a manway, it
won’t be possible to determine if the series of equations worked on accident. The equations are
worked out for the 50 CuFt model exposed to 120 mph winds.
The static pressure of 120 mph winds on the 50 CuFt model was calculated using Eq. (9).
𝑃=
𝑃=

1
2

∗ 𝜌 ∗ 𝑉2

1
𝑠𝑙𝑢𝑔
𝑓𝑡
∗ 0.002378 3 ∗ (176.04 )2
2
𝑓𝑡
𝑠
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𝑃 = 36.84

𝑙𝑏
𝑓𝑡 2

Using the statics pressure calculated in Eq. (9), Eq. (10) was used to find the force applied
by the wind velocity. A is the cross-sectional area of the cylinder body.
𝐹 = 𝑃∗𝐴
𝐹 = 36.84

𝑙𝑏
∗ 3.00 𝑓𝑡 ∗ 8.25 𝑓𝑡
𝑓𝑡 2

𝐹 = 994.76 𝑙𝑏𝑠
The torque moment, “T”, is calculated with distance “X”, which is the total height minus
the half-height of the pressure vessel body. Eq. (11) is listed as,
𝑇 =𝐹∗𝑋
𝑇 = 994.76 𝑙𝑏𝑠 ∗ [15.238 𝑓𝑡 − (0.5 ∗ 9.00 𝑓𝑡)]
𝑇 = 10, 681.93 𝑙𝑏 ∗ 𝑓𝑡
The distance between the legs, “Y” is calculated using Eq. (12).
𝑌 = 2 ∗ 𝑟 ∗ sin(60)
Or,
𝑌 = 𝐷 ∗ sin(60)
“D” is the diameter of the cylinder body. Thus,
𝑌 = 3 𝑓𝑡 ∗ sin(60)
𝑌 = 2.60 𝑓𝑡
Equation (13) was then used to solve for the additional weight added to the load cell
through static wind loading.
𝑊=
𝑊=

𝑇
𝑌

10, 681.93 𝑙𝑏 ∗ 𝑓𝑡
2.60 𝑓𝑡

𝑊 = 4,111.48 𝑙𝑏𝑠
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Figure 34. Free-Body Diagram of 200 CuFt Pressure Vessel
The three legs of the pressure vessel, when oriented as shown in Figure 34, can align to create a
fulcrum between the manway of the pressure vessel and the rest of the vessel. With the manway almost
completely solid steel and the empty pressure vessel hollow, the center of mass for the system is shifted
towards the manway. As a result of this, the wind loading (FW) is causing the toppling of the
experimental vessel.
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The wind loading for the three vessels is shown in Table 14. Wind velocities between 10 and 120 mph
are displayed from using equations 9-13.
Table 14. Weight added to each load cell due to wind loading.
Wind Velocity (mph)

50 cu ft (lbs.)

200 cu ft (lbs.)

1100 cu ft (lbs.)

10

28.55

44.93

133.06

20

144.21

179.74

532.24

30

256.97

404.41

1,197.55

40

456.83

718.95

2,128.98

50

713.80

1,123.35

3,326.52

60

1,027.87

1,617.63

4,790.19

70

1,399.04

2,201.77

6,519.99

80

1,827.32

2,575.78

8,515.90

90

2,312.71

3,639.66

10,777.94

100

2,855.19

4,493.41

13,306.10

110

3,454.78

5,437.02

16,100.38

120

4,111.48

6,470.51

19,160.78

These equations carry over easily to the smaller models, as they are a function of
diameter, leg height, vessel body height, and air properties. Excel was used as the calculator for
these equations, shown in Figure 35. This is expanded in Appendix A2 and A3.
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Figure 35. Comparison of Full Size to 18in Models in Excel.
Table 15. Organized Data for the Empty Condition of 18-inch 50, 200, and 1100 CuFt
Models

50 cu ft.

200 cu ft.

1100 cu ft.

Mass of Vessel (lbs.)

0.36

0.55

0.35

M/3

0.12

0.18

0.12

Calculated Topple Point

6.60

6.80

6.20

Where it Topples (mph)

6.70-6.80

7.50

7.60

% Error (%)

1.50

10.29

22.58

The low percentage of error in Table 15 for the 50 CuFt is remarkable. The 200 CuFt
had a percent error that was appropriate for most experiments, approximately 10%. The 1100 had
a substantial amount of error, but that may be due to the thinness of the material. Scaling down the
vessel, close to 30Ft tall, to an 18-inch model led the printing of very thin plastic. It is entirely
possible that in printing a thicker shell, the data will be more favorable. This will also test the
equations since weight of the vessel is an important part of the equation series.

50
Having the uneven distribution of weight validated indicates that the hypothesis for the
possibility of impact loading is likely the cause for load cell failure. While the next step would be
to continue to make the model more realistic by adding load cells and skid plate, it would have to
be done to incorporate the use of a strain gauge for measurement. The strain gauge would provide
more accurate readings as to the moment contact is lost as opposed to visual indicators. Overall,
based on the percentage of error being less than 20 percent for the 50 CuFt and 200 CuFt models,
the experiment was a success.
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CHAPTER 5
CONCLUSION AND RECOMMENDATIONS
The series of equations proved accurate for the scaled down model which led to a
successful experiment. While there was a 1.5% error for the 18-inch 50 CuFt model, extensive
testing needs to be completed in order validate those results. Analysis on the load cell didn’t lend
to the likelihood of vortex shedding being the probable cause of failure, but impact loading due to
the wind. The uneven distribution of weight caused a load cell to experience no stress. Any
tipping of the vessel was prevented by the lower pin of the load cell assembly, but this in turn led
to a point of contact between the load cell and the bottom pin. When the weight resettled, an
impact load then occurs; this is believed to be what caused the crack at the bridge of the load cell.
In the order of 50, 200, and 1100 CuFt, factor of safety was observed 1.95, 1.22, 1.30 for
the load rating of the maximum static load provided by the pressure vessel. Static load introduced
due to wind load at 120 mph decreased the factor of safety for all three empty-condition models to
0.75, 0.68, 0.80 with the loss of contact between 70-80 mph, 80-90 mph, 80-90 mph.

Recommendations and Future Works
With the 150% full scale safe load criteria acceptable for each load cell as set by the
manufacturer, a 30,000 lb. load capacity load cell is recommended for the 200 CuFt pressure
vessel due to the factor of safety being close to 1 and to provide extra strength and stability to the
structure. In addition, a design review is recommended for the 50 CuFt pressure vessel to decrease
the velocity of wind at which vortex shedding may occur. The design review should consider the
overall height of the vessel, the number of legs on the vessel, and the diameter to height ratio of
the pressure vessel body.
Future works include using the metal 3-D printer at Georgia Southern to produce a
heavier 18-inch model. Having the increase in weight will increase the validity of the results.
There will also be testing for a percentage of catalyst at which vortex shedding may occur for each
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vessel. While this does not consider the damping properties of the material, it will give a range at
which the vessel is most likely at risk of resonating. Finally, a shake table will be used in an
experiment to determine the structural integrity during a series of earthquakes from data measured
in California. All of this will be measured with a combination of piezo-electric sensors and strain
gauges for accuracy. Using these measuring devices, the accuracy of the experiment will increase
because it is no longer a visual validation but a digital one. It will also not require a full toppling
of the vessel, but a moment where the stress on one load cell has decreased in comparison to the
others.
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APPENDIX: ADDITIONAL TABLES AND FIGURES

Using, V= 40 mph= 17.88

𝑚
,
𝑠

and D= 1.524 m, and kinematic viscosity of air at 20 °C, the Reynolds

number yields 1.80×106 and Strouhal number is approximately 0.46, for smooth surface. The vortex
shedding frequency is calculated using the relation with Strouhal number,

Fs=

Fs =

(𝑆𝑡 ×𝑉)
𝐷

(0.46×17.88

𝑚
)
𝑠

1.524 𝑚

= 5.397 Hz

𝑚
𝑠

Using, V= 120 mph= 53.64 , and D = 1.52 m, kinematic viscosity of air at 20 °C, the Reynolds number
yields 5.39×106 and the Strouhal Number is approximately 0.27.

Fs =

(0.27×53.64
1.524 𝑚

𝑚
)
𝑠

= 9.504 Hz

Table A1: Vortex Shedding frequency for 50 cu ft, 200 cu ft, and 1100 cu ft Pressure Vessels

Diameter (inches)

50
cu ft

200
cu ft

1100
cu ft

36

60

96

40 Mph Wind Speed
Reynolds Number

1.08 × 106

1.80 × 106

2.88 × 106

Strouhal Number

0.45

0.46

0.26

Vortex Shedding Frequency (Hz)

8.799

5.397

1.870

120 Mph Wind Speed
Reynolds Number

3.24 × 106

5.39 × 106

8.63 × 106

Strouhal Number

0.25

0.27

0.29

Vortex Shedding Frequency (Hz)

14.667

9.504

6.380
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Figure A2: Calculations for Wind Loading of Full-Size Pressure Vessels
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Figure A3. Calculation for Wind Loading of Plastic 18” Pressure Vessels

